Abstract. Direct sequencing is the standard method for the detection of epidermal growth factor receptor (EGFR) mutations in lung cancer, however, its relatively low sensitivity limits its clinical use. Pyrosequencing is a bioluminometric, real-time non-electrophoretic DNA sequencing technique with a number of advantages compared with direct sequencing, including higher sensitivity, speed, automation and costeffectiveness. Clinical specimens from 202 lung cancer patients were analyzed for EGFR mutations in exons 18, 19, 20 and 21 using the pyrosequencing method following genomic DNA extraction from paraffin-embedded tissue specimens. All clinical data and tumor specimens were obtained from the Konkuk University Hospital (Korea) between July 2006 and December 2008. The results and clinical responses to EGFR-tyrosine kinase inhibitors (TKIs) were compared. Overall, EGFR mutation-positive rate was 26.7% (54/202). Activating EGFR mutations were observed more frequently in female (52.1 vs. 13.0%), non-smoking (47.8 vs. 15.8%) and adenocarcinoma (35.2 vs. 5.2%) patients. However, significant numbers of EGFR mutation-positive patients were identified as male, former or current smokers and non-adenocarcinoma patients. The combinations of favorable clinicopathological factors, including female, non-smoking and adenocarcinoma, were not identified to significantly increase the positive EGFR mutation rate (female, 52.1%; female and non-smoker, 52.6%; female, non-smoker and adenocarcinoma, 51.9%). The present findings indicate that EGFR mutation analysis is a highly useful method for the prediction of response to EGFR-TKI and the use of favorable clinicopathological factors to perform this analysis is not suitable. Exon 19 deletion was the most common mutation (63.6%) and exon 21 L858R substitution was measured at 32.7%. The exon 20 T790M mutation was identified in 1 patient prior to EGFR-TKI treatment. EGFR mutation status is associated with response to EGFR-TKI and the overall response rate in patients who have the activating EGFR mutation was 82.4 vs. 5.9% in patients with a wild-type EGFR. The present study demonstrates that EGFR mutations analyzed by the pyrosequencing method are well correlated with clinicopathological parameters and that this method may be useful in the clinical practice.
Introduction
Previous studies have demonstrated that epidermal growth factor receptor tyrosine kinase inhibitors (EGFR-TKIs), including gefitinib and erlotinib, are more effective as the first-line of treatment compared with platinum-based cytotoxic chemotherapy (1) (2) (3) (4) for patients with advanced non-small cell lung cancer (NSCLC) and classical activating EGFR gene mutations, including exon 19 deletion and exon 21 point mutation (L858R). Based on an excellent response to EGFR-TKIs in NSCLC patients with EGFR mutations, gefitinib was approved in April 2011 as the first-line of treatment for NSCLC patients with activating EGFR mutations by the Health Insurance Review and Assessment Service in South Korea. However, the consensus for EGFR mutation testing in NSCLC, including which case to select and when to test, is not well established, particularly with respect to technical methods of EGFR mutation detection. A variety of methods, including direct sequencing, amplification refractory mutation system, length analysis, denaturing high-performance liquid chromatography and peptide nucleic acid-mediated real-time polymerase chain reaction (PCR) clamping (5) (6) (7) (8) (9) (10) (11) , have been proposed as suitable methods for the detection of EGFR mutations. Among these various assays, direct sequencing of amplified DNA products is widely used and is considered the standard method. To identify novel mutations, direct sequencing must be adopted as this method identifies exact mutations without sample batch processing. However, direct sequencing involves multiple steps, including DNA extraction, PCR-based amplification, DNA sequencing and sequence interpretation, typically requiring several days to obtain a result following tissue acquisition. In addition, suboptimal mutation detection sensitivity in clinical tumor samples is a major disadvantage of direct sequencing and currently total DNA samples must be composed of more than 25% mutant DNA for mutation detection (12) . Pyrosequencing is a DNA sequencing technology based on the sequencing-by-synthesis principle (13, 14) . This technique is a real-time bioluminescence technique in which the phosphate released during the incorporation of a nucleotide into a growing DNA chain is converted into light through a series of enzymatic reactions. Pyrosequencing identifies individual bases or short stretches of nucleic acid sequence at predetermined positions. The technique is a simple, robust, fast and sensitive method that is also cost-effective. There are a number of studies that have applied the pyrosequencing technique to analyze genetic variations, including k-ras and BRAF (15) (16) (17) . However, there are currently no studies on the application of pyrosequencing for the detection of EGFR mutations in clinical practice.
Clinical investigation of EGFR mutation detection by pyrosequencing in lung cancer patients
In the present study, we analyzed 202 lung cancer patients for EGFR mutations detected by pyrosequencing in a single-center, prospective study. We also analyzed the clinicopathological parameters and correlations between EGFR genotype and response to EGFR-TKIs, including gefitinib and erlotinib.
Materials and methods

Patient population.
Patients included in the study were pathologically confirmed to have lung cancer at Konkuk University Hospital (Seoul, South Korea) between July 2006 and December 2008. Patients were prospectively observed for tumor response and survival outcome. The present study was reviewed and approved by the Institutional Ethic Committee at Konkuk University Hospital. All patients provided informed consent to participate in the study and permission for use of tumor tissues.
DNA extraction. Areas of the tissue and cytology slides containing the tumor cells of interest were marked by a cytopathologist using a pen. A diamond-tipped pencil was then used to mark the underside of the slide. Following removal of the cover slip, tumor cells were scraped with a 26-gauge needle. Briefly, 50-100 µl of DNA extraction buffer solution (50 mM Tris buffer, pH 8.3; 1 mM EDTA, pH 8.0; 5% Tween-20 and 200 µg/ml proteinase K) with 10% resin was added to the scraped cells. Following incubation at 56˚C for at least 1 h, the tube was heated to 100˚C for 20 min followed by centrifugation at 12,000 rpm for 10 min at 4˚C to pellet the debris. The recovered supernatant was used for the PCR. for 5 min at 95˚C followed by 40 cycles of 30 sec at 95˚C, 30 sec at 54˚C (exons 18, 21), 60˚C (exon 19) or 55˚C (exon 21), 30 sec at 72˚C and incubation for 10 min at 72˚C. PCR products were resolved by agarose gel electrophoresis to confirm successful amplification. The biotinylated products were then immobilized to streptavidin-coated beads using a solution from a commercial PSQTM96 sample preparation kit. Beads (3 µl) were diluted in binding buffer with 10 µl biotinylated PCR products, incubated for 10 min at room temperature and then transferred to a filter probe where the liquid was removed by vacuum filtration. DNA in the denaturation solution was separated; the templates were washed with washing buffer, transferred to a PSQ 96 SNP plate and annealed with the followi ng sequenci ng pr i mers: exon 18 E709K, 5'TGATCTTTTTGAATTCAGTT-3' and G719A, 5'-CCGAAC GCACCGGAG-3'; exon 19 deletion, 5'-ATTCCCGTC GCTATC-3'; exon 20 T790M, 5'-GATGCCCAGCAGGCG-3'; and exon 21 L858R and A859T, 5'-AAGATCACAGAT TTTGG-3' in annealing buffer at room temperature. Finally, the samples were analyzed using a PyroMark ID System and SNP reagent kit (both purchased from Biotage, Uppsala, Sweden).
Statistical analysis.
The association between the EGFR mutational status and clinical characteristics, including gender, smoking status, stage, tumor specimen, pathological subtype and clinical response to EGFR-TKI, was assessed using the χ 2 test. The age between the two groups was analyzed by the Mann-Whitney U test. Using binary logistic regression, the EGFR mutations, according to gender, pathological subtype and smoking status, were evaluated to investigate the effect of each variable on the development of the EGFR mutations. All analyses were performed using SPSS version 17.0 (SPSS Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference.
Results
Patient characteristics. In total, 202 tumor samples were tested for EGFR mutations in exons 18, 19, 20 and 21 (Table I) . The median age of the enrolled patients was 64 years (range, 25-87 years). Overall, 71 of the patients were female (35.1%) and 69 were non-smokers (34.2%). The majority of the histological diagnoses examined were adenocarcinomas (71.8%), followed by squamous cell carcinomas (SCCs; 19.3%; Table II) . EGFR mutations were more frequent in female (68.5%), non-smoking (61.1%) and adenocarcinoma patients (94.4%). Unexpectedly, cytological were superior to biopsy specimens in determining the EGFR mutation status (45.2 vs. 21.9 %, P=0.02), indicating that a few well-selected malignant cells were sufficient to analyze EGFR mutations.
EGFR mutations in tumor tissue DNA. Mutations were identified in 54 (26.7%) of the 202 patients by pyrosequencing (Table III) . Of the 55 mutations, the most common mutations were in-frame deletions at exon 19 and an arginine-for-leucine substitution at amino acid 858 (L858R); the frequencies of these mutations were 35 (63.6%) and 17 (30.9%), respectively. Each of the following mutations was identified once; glycinefor-alanine substitution at amino acid 719 (G719A) in exon 18, threonine-for-methionine substitution at amino acid 790 (T790M) in exon 20 and alanine-for-threonine substitution at amino acid 859 (A859T) in exon 21. Notably, one patient had in-frame deletions in exon 19 and T790M in exon 20. However, the patient did not receive EGFR-TKI treatment and therefore response to targeted drug treatment was not evaluated.
Correlation between EGFR mutations and clinicopathological parameters. The positive predictive value (PPV) of each clinical factor was analyzed (Table IV) . Among 71 females, mutations were detected in 37 patients (52.1%) and the PPVs of the non-smoker and adenocarcinoma patients were 47.8% (33/69) and 40.8% (51/125), respectively. Although EGFR mutations are commonly detected in female patients with adenocarcinoma who had never smoked, an accurate estimate of the mutation status solely from clinicopathological parameters was not obtained. The proportions of patients who had one, two or three favorable clinicopathological factors out of 54 patients who had an EGFR mutation were 27.8 (15/54), 20.4 (11/54) and 51.9% (28/54), respectively. No male patients with a non-adenocarcinoma histology who previously smoked had an EGFR mutation.
Binary logistic regression analyses were conducted to predict the EGFR criteria according to gender, pathological Table I . EGFR mutation data using pyrosequencing (n=202). Table II . Pathological correlation with EGFR mutation status. subtype (i.e., adenocarcinoma) and smoking status. The results are presented in Table V . Gender and pathological subtype were important variables with respect to the EGFR mutations. Gender was identified to be significantly correlated with EGFR genotype (P=0.002) and the odds ratios indicated that females had an increased probability of having EGFR mutations. Similarly, a significant correlation was identified between histological results and mutation status (P=0.007). Patients with adenocarcinoma was more closely associated with mutation status compared with other pathologies. However, by logistic analyses, smoking status was not identified to have a significant effect on EGFR mutation status in the samples. The Wald value (0.17) indicated an insignificant difference of 0.683, which revealed that non-smoking was unlikely to be directly associated with mutation status.
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Correlation between EGFR genotype and response to EGFR-TKI.
Of 202 patients who were tested for EGFR mutations, 92 patients were treated with EGFR-TKIs in their treatment course. Among 38 patients with positive mutations detected by pyrosequencing, 2 (5.3%) had a complete response, 26 (68.4%) had a partial response and 4 (10.5%) had stable disease. The best patient responses to EGFR-TKI treatment yielded a total disease control rate of 94.1% (Table VI) . Mutation-positive patients demonstrated a more favorable prognosis and longer progression-free survival (mutation-positive vs. negative patients, 9.2 vs. 2.6 months; P<0.001). This observation was as expected. The present results indicate that EGFR mutation status identified by pyrosequencing is well correlated with the response to EGFR-TKI treatment of lung cancer patients.
Discussion
In 2010, the National Comprehensive Cancer Network practice guidelines recommended that targeted therapies should be used as the first line of treatment against NSCLC patients who have the EGFR activating mutation. This recommendation was based on a number of clinical studies, performed following the initial identification of specific mutations in the EGFR tyrosine kinase domain in 2004 (15, 16) , including a 2009 IPASS report (1, 2, 18, 19) . Previously, EGFR mutation testing was recommended prior to systemic chemotherapy for all patients with advanced NSCLC excluding SCC (20) . To select the appropriate treatment regimen, rapid and accurate mutation test results are necessary in clinical practice. Although various methods are used to detect EGFR mutations, there is no universal consensus on which method is most effective. Direct DNA sequencing is the current gold standard for EGFR mutation detection, however, this method is labor-intensive, time-consuming and has a low level of sensitivity (21) . Pyrosequencing is a nonelectrophoretic nucleotide extension sequencing method that is performed for various applications (22) , including SNP genotyping, mutation detection in tumors (23) and quantitative CpG island methylation analyses (24, 25) . In the present study, we evaluated a sensitive sequencing assay for the detection of EGFR mutations using pyrosequencing technology. We demonstrate that pyrosequencing results reveal a good predictive value for clinical responses to EGFR-TKI treatment and detection of the mutation in mutant/wild-type mixed DNA samples derived from paraffin-embedded tissue is a sensitive, rapid and simple method to perform. However, this method is not suitable for the detection of novel mutations.
EGFR mutations were detected in 54 (26.7%) of 202 patients with NSCLC and 51 (35.2%) of 145 adenocarcinoma patients. In patients with SCC, the observed incidence was 5.1% (2/39). Forbes et al previously stated that this EGFR mutation frequency does not justify routine testing of all tumor specimens (26) . Similar observations were identified in small cell lung cancer cases where no mutation was observed in the 4 patients. In these cases, meticulous pathological evaluation is necessary to precisely classify the histological type of lung cancer. Analysis of 42 cytological specimens revealed 19 mutations. In this case the pyrosequencing method was sufficiently sensitive to detect EGFR mutations using a small number of well-selected malignant cells, as suggested by Rekhtman et al (27) . Using cytology specimens to test for EGFR mutations instead of performing an additional biopsy may prove an excellent follow-up tool to determine if additional resistant mutations, including T790M, have developed.
In the present study, we evaluated the utility of pyrosequencing to assess the EGFR mutation status in patients with lung cancer in a diagnostic setting. Median progression-free survival to EGFR-TKI treatment in patients with an activating EGFR mutation was 9.2 months, consistent with data from a randomized controlled trial (12, 19) . In addition, the mutation results correlated well with the clinical course. PPVs of the good clinical factors did not increase in proportion to the numbers of favorable clinical factors identified in patients. Even in patients with all favorable clinical factors, including female, adenocarcinoma, non-smoker and Asian ethnicity, a wild-type EGFR mutation was identifed in more than one-third. These results support the hypothesis that EGFR mutation testing is required in all patients diagnosed with NSCLC, excluding SCC.
As predicted, a marked association between gender and histological subtype by EGFR mutation was observed. A significant correlation between females with adenocarcinoma and identification of an EGFR mutation was revealed and this observation was consistent with previous findings (28, 29) . By contrast, analysis of the smoking status variable produced notable findings in the present study and we did not identify a significant correlation between smoking status and EGFR mutations. The reason for these inconsistancies is currently unknown, however, it may be associated with histological heterogeneity. Additional factors that may contribute to this difference include inaccurate recall of smoking history and passive smokers defined as non-smokers. Nevertheless, we should not overlook the possibility that male patients who are former or current smokers may have EGFR mutations.
The present data demonstrate the importance of EGFR mutation analysis in clinical treatment of lung cancer and the pyrosequencing method is a sensitive and valuable methodology for analyzing EGFR mutations. ------------------------------------------------------------------- 
